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Kurzfassung 
 
 
 
Mixing spielt eine wichtige und wesentliche Rolle bei verschiedenen chemischen Prozessen. 
Darüber hinaus haben Schüttelkolben weithin in den kleinen und akademischen Forschungen 
verwendet. Allerdings ist der Mischprozess in Schüttelkolben nicht gut verstanden worden. 
Daher ist das Ziel dieser Studie, die Mischzeit durch kolorimetrische Methode zu messen und 
den Mischvorgang in Kombination mit einer rotierenden Kamera zu charakterisieren. 
 
Durch die Verwendung einer rotierenden Kamera, konnte der Mischvorgang in den 
Schüttelkolben erfolgreich beobachtet werden. Aufgrund der Zentrifugalkraft, war die 
Bewegung der Flüssigkeit in den Schüttelkolben als Sichelsform präsentiert. Die abgeschätzte 
Stelle, wo ein saurer Tropfen in die grose Lösung beeinflusst wurde,  beobachtet wurde. Es 
war offensichtlich erkennbar, dass der Mischvorgang immer von hinten nach vorne von der 
Flüssigkeit ssichel aufgetreten. Die letzte Spur der blauen Farbe wurde von der Software 
VirtualDub und einem geschriebenem Bildanalyse-Software von Labview identifiziert. So 
wurde die Mischzeit in den  Schüttelkolben als die genaue Zeit zwischen den Austritt des 
sauren Tropfen in der Lösung und die genaue Zeit, wenn die letzte Spur von blauer Farbe 
verschwunden, definiert. 
 
In dieser Studie wurden verschiedene Betriebsparameter verändert werden, um die Wirkung 
auf die Mischzeit zu untersuchen. Aus den experimentellen Ergebnissen, erhöht die Mischzeit 
mit einer Erhöhung der Schüttelfrequenzen in beiden deionied Wasser und viskose wässrige 
Polyvinylpyrrolidon (PVP)-Lösung. Die Mischzeit ist umgekehrt proportional zur 
Schüttelfrequenz. Die Bewegung der Flüssigkeit zeigte ein ähnliches Verhalten in beiden 
Lösungen. Darüber hinaus haben verschiedene Kolbensdurchmesser, also 25 mm und 50 mm, 
nicht signifikanten Einfluss auf die Mischzeit. Darüber hinaus wurde die Mischzeit ein wenig 
länger in der Flasche von großen Volumen als in den Kolben mit kleinem Volumen. 
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Die Mischzeit blieb bis 0,8 kW/m3 Leistungsaufnahme konstant, sondern verringert 
reibungslos, wenn die Leistungsaufnahme weiter erhöht. Die Mischzeit in den Schüttelkolben 
wurden auch mit  herkömmlichen Reaktoren verglichen. Die Mischzeit in den Schüttelkolben 
blieben in den Bereich der Reynoldszahl von 104 bis 105 konstant. In anderen Worten ist die 
Mischzeit in der Region von hoher Reynoldszahl unabhängig von der Geometrie der Kolben. 
Darüber hinaus erhöhte sich die Mischzahl mit Zunahme der Reynoldszahl. 
 
Der Einfluss der Phasezahl wurde ebenfalls untersucht. Es wurde festgestellt, dass die 
Mischzahl deutlich verringert, wenn die Bewegung von Flüssigkeit aus In-Phase Zustand zu 
Außer-Phase verändert. Dieser vereinbart, dass der Außer-Phase in den Schüttelkolben 
unerwünscht ist, weil der Mischvorgang noch schlimmer in der Außer-Phase Zustand wurde. 
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Abstract 
 
 
 
Mixing plays an important and essential role in various chemical processes. In addition, shake 
flasks have been widely used in cultivation of small-scale and academic researches. However, 
the mixing process in shake flasks has not been well understood. Therefore, the purpose of 
this study is to measure the mixing time by colorimetric method and to characterize the 
mixing process in combination with a rotating camera. 
 
By using a rotating camera, the mixing process in the shake flask could be successfully 
observed. Due to the centrifugal force, the motion of fluid in shake flasks was presented as 
sickle form. The rough position where an acid drop was impacted into the bulk solution was 
observed. It was obviously seen that the mixing process always occurred from the rear to front 
of the fluid sickle. The last trace of blue color was identified by the software, Virtualdub and 
an Image Analysis Software written by Labview. Thus, the mixing time in the shake flask was 
defined as the exact time between the impacting of the acid drop in the bulk solution and the 
exact time when the last trace of blue color disappeared.  
 
In this study, different operational parameters were varied to investigate the effect on the 
mixing time. From the experimental results, the mixing time increased with increasing the 
shaking frequencies in both deionied water and viscous aqueous polyvinylpyrrolidone (PVP) 
solution. The mixing time is inverse proportional to the shaking frequency. The motion of 
fluid showed similar behavior in both solutions. Moreover, different flask diameters, i.e. 25 
mm and 50 mm, did not have significant influence on the mixing time. In addition, the mixing 
time was a little longer in the flask of large volume than in the flask of small volume. 
 
The mixing time stayed constant until 0.8 kW/m3 of power input, but decreased smoothly 
when the power input increased furthermore. 
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The mixing time in shake flasks were also compared with that in conventional reactors. The 
mixing time in shake flasks stayed constant in the region of the Reynolds number of 104 to 
105. In other words, the mixing time in the region of high Reynolds number was independent 
of the geometry of flasks. Furthermore, the mixing number increased with increasing of 
Reynolds number.  
 
The influence of the Phase number was also investigated. It was found that the mixing 
number decreased clearly when the motion of fluid changed from in-phase condition to out-
of-phase. This agreed that the out-of-phase is unwanted in shake flasks, because the mixing 
process became worse in the out-of-phase condition. 
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1. Introduction 
 
 
 
 
 
Enhancing and improving the yield and efficiency of production is always the main and key 
task for chemical engineers. A low production yield often results in increasing byproducts; 
also, reduction of the efficiency in production increases the investment of companies. These 
unwanted conditions depend strictly on the design of reactors and processes. Therefore, 
understanding and characterizing the reactors becomes more and more important. 
 
A chemical reactor is a device, where chemical reactions occur, and can be controlled and 
regulated. Some different types of reactors, that are dependent on their operating models, can 
be classified as follows: 
 
1.1 Different types of reactors 
 
Continuous Stirred Tank Reactors (CSTR): CSTR is the most commonly and frequently 
used in chemical engineering (Figure 1-1). Reactors can be made of different materials, for 
example, glass, plastic, or metal. The capacity of working volumes varies from 1 liter in the 
laboratory scale to over 100000 liter in the industry scale. They are equipped with different 
kinds of impellers or propellers for enhancing mixing and mass transfer. Sometimes the 
mixing can also be done by pumping gas into the reactors. The reactants can be placed within 
the reactor before the reaction begins, or also can be filled by pumps or compressors. In the 
same way, the efflux or products are removed continuously. Many researchers have 
investigated the hydrodynamics in the CSTR, for example the shear rate (Metzner and Otto 
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1957), or the mixing time (Aubin et al. 2000; Barailler et al. 2006; Shekhar and Jayanti 2003; 
Wang and Zhong 1996; Ward and Metchik 2007). 
 
Shaking reactors: Shaking reactors have been widely used in bioindustries and project 
development in academic education due to their easy-handling and low costs (Figure 1-2). In 
addition, shake flasks are also helpful and valuable tools for biotechnological research, for 
example precultivation of bacteria, fungi, or animal cells (Girard et al. 2001; Liu and Hong 
2001), as well as screening of microorganisms. However, there have not been many 
publications concerning the investigations in shake flasks. This reflects that most researchers 
ignore the importance of shaking reactors. One reason might be extreme the simplicity of 
operation handling. Another reason might be that shaking reactors are often used as test 
reactors in the initial steps in the operating of chemical engineering (Büchs 2001). The 
working volume of shake flasks ranges usually from 10 ml to 1000 ml. The material can be 
made of plastic or glass with baffles or without baffles. The shaking process can be performed 
at specific temperature or specific shaking frequencies. The liquid circulates around the wall 
of shake flasks by centrifugal force, which results in the mass transfer and mixing. In fact, the 
movement of liquid in shaking reactors includes a lot of valuable information. This 
information can bring basic concept for scientists into deeper understanding in various latter 
experiments and design. 
 
 
 
 
 
 
 
 
  
 
 
       Figure 1-1: Continuous Stirred Tank Reactor                          Figure 1-2: Shake Flask 
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Microtiter plate:  Microtiter plates (MTP) (also known microwell plates) (Figure 1-3) were 
first applied in biochemical analysis in 1951, for instances, enzyme linked immunosorbent 
assays (ELISA) and diagnostic analysis (Houston and Banks 1997). The working volume 
varies from 0.025 ml to 5 ml, with the form from 6, 12, 24, 48, 96, 384, to 1536 wells per 
plate. In recent years, the application and importance in the field of biochemical engineering 
has been increased. They also have become an alternative to cultivation of the 
microorganisms. Some physiological parameters in MTPs, such as biomass concentration, pH 
value, concentration of Green Fluorescent Protein (GFP), have been successfully determined 
(Kensy et al. 2005; Samorski et al. 2005). The growth of microorganisms, especially the 
oxygen transfer rate, in MTPs could be affected by the geometry of wells (Funke et al. 2009). 
Conclusively, microtiter plates have become essential tools to investigate the growth of 
microorganisms, scale-up, and reactor design. 
 
 
 
 
  
                                            
                                   
          
Figure 1-3: A 96-wells microtiter plate 
 
 
1.2 Scale-up and scale-down 
 
Chemical processes can be carried out in three different scales: 1) laboratory-scale, where the 
basic test and evaluation are performed, 2) pilot-scale, where optimal operating conditions are 
found and 3) plant scale, where the products are produced at economic way.  A goal of scale-
up is to design and construct mixing devices at large scale that can achieve the same mixing 
or products quality as at a laboratory-scale (Figure 1-4). The purpose of scale-up is also to 
understand and predict the fluid behavior how they will exactly behave in large scale by 
getting data from the small-scale. Generally, there are some rules of the thumb followed, for 
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example, Similarity in the geometry and configuration of reactors used in large-scale, constant 
blending time, constant power consumption, constant torque (Ju and Chase 1992). However, 
in reality, it is difficult to maintain the homogeneity of reactants at large-scale. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-4: Scale-up from lab-scale to pilot-scale 
 
Therefore it becomes more and more necessary and important to understand well the mixing 
characterization and liquid hydrodynamics in bench-scale. Moreover, shake flasks are the 
most basic reactors that are very suitable and cost-reducing for the investigation at laboratory 
scale. 
 
1.3 The review of mixing process 
 
Mixing plays a very important role in many fields, for example, pharmaceuticals, food 
industry, biotechnology, etc. It is also a fundamental operation in chemical engineering. 
Microtiter plate    Shake flask        Industrial fermentor 
Lab-scale     Plant-scale 
Pilot fermentor 
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Ineffective mixing results in byproducts and increases the cost of separation in down-stream 
processing.  
 
Mixing phenomena in many different kinds of reactors has been well-known in publications. 
Pandit et al. reported the mixing in bubble columns (Pandit and Joshi 1983). Moreover, 
mixing in CSTR also was reported by many researchers (Bajpai and Sohn 1987; Bonvillani et 
al. 2006; Campolo and Soldati 2004; Deglon and Meyer 2006; Khopkar et al. 2006; Kling 
2003; Lamberto et al. 2001; Liou and Chien 1991; Liu et al. 1999; Mayr et al. 1992; Menisher 
et al. 2000; Wabo et al. 2004). In recent years, the applications in mini-reactors have been 
gradually developed, so there has been a growing interest in characterizing and understanding 
the mixing in many different kinds of small-scale reactors.  Weiss et al. observed the mixing 
in 96-well microtiter plates with fluorescence indicators (Weiss et al. 2002).  More authors 
have investigated and modeled the mixing performance in micro-fluidic system 
(microchannels) by numerical and experimental methods (An and Kim 2006; Aubin et al. 
2003; Bothe et al. 2005; Chung and Shih 2007; Ehrfeld et al. 1999; Engler et al. 2004; 
Fournier et al. 1996; Gorman and Wikswo 2007; Hardt and Schoenfeld 2003; Kockmann et al. 
2005; Kockmann et al. 2006; Nguyen and Wu 2005; Panic et al. 2004; Schwesinger et al. 
1996; Stone and Stone 2005; Stroock et al. 2002; Wu and Nguyen 2005). 
 
In a chemical process, the steps of reaction can be characterized by different time constant of 
each step. Table 1-1 shows time constants of transfer- and reaction of penicillin synthesis 
(Wolf 2000). It is very obvious to interpret that the homogeneity of substrates can be a rate-
limiting step that decides the rate of the whole process. Therefore, enhancing the homogeneity 
in reactors is essential and necessary. 
 
         Table 1-1: Time constant of transport - and reaction of penicillin synthesis 
Process step Time constant (s) 
Homogeneity 21-25 
Transport of stuff 11-25 
Consumption of oxygen Approximately 10 
Consumption of substrate 4645 
Growth 40000 
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Unfortunately, there are only few publications concerning the research in shake flasks. 
Currently, Büchs et al measured the power input in shake flasks (Büchs et al. 1995; Büchs et 
al. 2000a; Büchs et al. 2000b; Büchs et al. 1996). Additionally, Anderlei et al developed the 
RAMOS (Respiratory Activity Monitoring System) device for an online measurement 
respiration activities (Figure 1-5) (Anderlei and Büchs 2001; Anderlei et al. 2004; Büchs and 
Anderlei 2001). Peter et al. determined the shear stress in shake flasks (Peter et al. 2006b). 
However there are currently no clear results describing the mixing phenomenon in shake 
flasks. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-5: Respiratory Activity Monitoring System (RAMOS) 
 
1.4  Motivation of this dissertation 
 
In the bioindustry, fed-batch strategy is commonly used in production of chemicals or for the 
cultivation in biotechnology. Continuous and fed-batch operations could also be performed in 
shaking reactors. Akgün et al. developed a novel parallel shaken bioreactor, which was named 
COSBIOS (Continuous Operated Shaken BIOreactor System ) (Figure 1-6), for continuous 
operation (Akgün et al. 2004). The substrates could be injected into reactors continuous by 
pumps. DASGIP AG (Jülich, Germany) performed fed-batch operation in shaking flasks 
(Figure 1-7). The pH controlling agents are fed to the shake flask during the culture (Weuster-
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Botz et al. 2001). Until now it is not known how fast these liquid additions are mixed which 
the bulk liquid. It has been shown that microorganisms composition of their metabolic 
intermediates in time scale of less than a second, if expensed to elevated carbon source 
concentrations (Schaefer et al. 1999). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-6: Continuous Operated Shaken BIOreactor System (COSBIOS) 
 
 
 
 
 
 
 
 
 
 
Figure 1-7: Fed-Batch process in shake flasks (DASGIP AG) 
 
Moreover, a sudden increase of the added substrate could result in the limitation of the growth 
of microorganisms or in the reduction of the activity of enzymes. Chassagnole et al. found 
that the response time in activity and concentration of enzymes in E.coli after a glucose pulse 
was in the order of a few seconds (Figure 1-8) (Chassagnole et al. 2002). 
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Figure 1-8: Concentration of enzymes after glucose pulse in E.coli K12. Here, fdp: fructose-
1,6-bisphosphate; g1p: glucose-1-phosphate; g6p: glucose-1-phosphate; pep: 
phosphoenolpyruvate; f6p: fructose-6-phosphate; gap: glyceraldehyde-3-phosphate; 6pg: 6-
phosphogluconate  (Chassagnole et al. 2002). 
 
As mentioned above, the mixing and distribution of substrates or nutriments essential to 
considerate. Therefore, it is absolutely necessary to exactly understand the hydrodynamic 
processes in shake flasks. Thus, the purpose of this dissertation is to apply a non-invasive 
method to measure the mixing time in combination with a rotating camera, survey and 
characterize the influence of different operating parameters on mixing phenomena in shake 
flasks.  
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2. Theoretical Background 
 
 
 
 
2.1  Dimensional analysis 
 
Physical and chemical phenomena in science are always described in many variables. 
Mathematical descriptions and relationships among these variables are highly demanded. 
Dimensional analysis provides a useful and powerful strategy and technique to derive the 
equations or mathematical expressions, in particular in the area of engineering. 
 
The Buckingham Pi Theorem is the key theorem of dimensionless analysis. It states that “If 
there are n variables in a problem and these variables contain m primary dimensions (for 
example M, L, T) the equation relating all the variables will have (n-m) dimensionless 
groups.” (Eq. 2.1) 
 
(Eq. 2.1) 
 
∏ number of dimensionless group  
 
  
n number of variables  
 
  
m number of primary dimension  
 
 
mn −=Π
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The hydrodynamic in shake flasks can be characterized by some dimensionless number:  
 
Reynolds number (Re) is a commonly applied dimensionless number in fluid 
hydrodynamics. It is a measurement of the ratio of inertial force to viscous force. Büchs et al. 
(2000a) developed an equation to calculate the Reynolds number in shake flasks (Eq. 2.2): 
  
 
 (Eq. 2.2) 
 
 
Re Reynolds number in shake flasks [-] 
   
ρ Fluid density [kg/m³] 
   
n Shaking diameter [rpm] 
   
d Maximum inner diameter of flask [m] 
   
η Dynamic fluid viscosity [Pa·s] 
 
 
Reynolds number is frequently used to characterize the flow regime, such as laminar or 
turbulent flow. 
 
Power number (Ne) (also known as Newton number) is a dimensionless number involved in 
the ratio of resistance force to inertia force. It is used to express the power input in reactors. 
Büchs et al. (2000a) have modified the Power number for the power input in shake flasks (Eq. 
2.3): 
 
                                                                  (Eq. 2.3) 
 
 
 
η
⋅⋅ρ
=
2dnRe
3
1
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LVdn
P
´Ne
⋅⋅⋅ρ
=
Theoretical Background 
  
11 
Ne´ Modified Newton number in shake flasks [-] 
 
  
P Power  [Watt] 
   
ρ Fluid density [kg/m³] 
   
n Shaking diameter [rpm] 
   
d Maximum inner diameter of flask [m] 
   
VL Filling volume of flask [m³] 
 
 
Froude number (Fr) is a dimensionless number calculating as the ratio of inertial force to 
gravitational force. In case of orbital movement of fluid in shake flasks, the Froude number 
has to be modified as the ratio of radial direction due to centrifugal force to axial direction due 
to gravitational acceleration. Büchs et al. (2000b) presented the equation for calculating the 
axial Froude number (Eq. 2.4): 
 
 
                                                                                                                                         (Eq. 2.4) 
 
 
 
 
 
 
 
 
 
Film Reynolds number (Ref) is derived by Büchs et al. (Büchs et al. 2000b) (Eq. 2.5). The 
film Reynolds number is applied in calculating the phase number. 
Fra Axial Froude number in shake flasks [-] 
   
n Shaking frequency [rpm] 
   
d Maximum inner diameter of flask [m] 
   
g Gravitational acceleration [m2/s] 
40
2
2 2
.
g
d)n(
Fr a >
⋅
⋅⋅pi⋅
=
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                                                                                                                                         (Eq. 2.5) 
 
 
 
 
 
 
 
 
 
Mixing number (ntm), also named homogenization number, is often cited in the publication 
(Harnby and Edwards 1992). This dimensionless mixing number is defined as the 
multiplication of the mixing time and the shaking frequency, n (Eq. 2.6). This dimensionless 
mixing number indicates to the number of rotating revolutions required to attain the given 
degree of homogeneity. 
 
 
             (Eq. 2.6) 
 
 
ntm Mixing number [-] 
   
n Shaking frequency [rpm] 
   
tm Mixing time [s] 
 
 
Ref Film Reynolds number in shake flasks [-] 
   
d Maximum inner diameter of flask [m] 
   
VL Filling volume of flask [m³] 
2
23
1
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Re Re
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2.2 Liquid distribution and movement in the shake flask 
 
The movement of fluids in shake flasks has been a key to understand the hydrodynamics.  
Due to the centrifugal force, the bulk solution in flasks shows the form of a sickle (Figure 
2-1). 
 
 
 
 
 
 
 
 
 
Figure 2-1: Fluid presents sickle form in shake flasks (Top view) 
 
 
At certain operation conditions, in particular, at high viscosities and low shaking diameters, 
the bulk part of the fluid remains on the base of the flask (Figure 2-2). Only a minor fraction 
of the fluid actually rotates along the flask wall. This phenomenon is termed as “out-of-phase” 
(Büchs et al. 2000b; Lotter et al. 2000) . In the other case, the bulk of fluid rotates within the 
flask, termed “in-phase”. Usually, the out-of-phase phenomenon is unwanted in the shaking 
    Shaking diameter 
Centrifugal force 
Sickle of fluid 
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bioprocesses. The reason for that is that the homogeneity of mixing and the oxygen transfer 
rate are decreased in the shaking bioprocesses. Oxygen transfer is always a key operating 
parameter in aerobic cell culturing. Therefore, for determining these two operation 
phenomena, a non-dimensional Phase number (Ph) was introduced and derived as (Eq. 2.7):  
                                                      
                                                                                                                                         
                                                                                                                                         (Eq. 2.7) 
                                                                                                                  
 
 
Ph Phase number in shake flasks [-] 
   
Ref Film Reynolds number in shake flasks [-] 
   
d0 Shaking diameter [m] 
   
d Maximum inner diameter of flask [m] 
 
  
 
 
This equation expresses that operating conditions at which the Phase number (Ph) is larger 
than 1.26 are “in-phase”. Following operating conditions can favour in-phase: 
 
1. Low maximum inner diameter of flask  
2. High shaking diameter 
3. Low the viscosity of fluid 
4. High the filling volume 
 
 
 
 
 
 
( )( )f0 Relog3+1d
d
Ph=
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Figure 2-2: (A) In-phase and (B) out-of-phase phenomena in the shake flasks 
 
2.3 Viscosity 
 
Engineers often deal with viscous fluids, for example, media in bioprocess, chemicals in 
industries, and medicine in pharmaceutical.  Some publications have proven that viscosity has 
a significant influence on mixing or mass transfer (Bouwmans and van den Akker 1990; Lee 
et al. 1957; McAllister 1960; Saito and Kamiwano 1987). Viscosity is a measurement of 
resistance of internal friction of fluids due to the deformation under shear stress or external 
strain. 
 
Shear rate is the rate of the change of the velocity (velocity gradient) by a moving fluid over a 
fixed fluid (Figure 2-3).  
 
 
 
 
 
 
 
 
A B 
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Velocity u 
shear stress τ  
gradient  
dy
duz
Y dimension 
Z dimension 
Fluid 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-3: Fluid between two plates is moved by external force 
 
 
According to Newton´s theory, viscosity is described by the ratio of shear stress to velocity 
gradient, as (Eq. 2.8) shows. Here, the constant is defined as coefficient of viscosity, or 
viscosity. The SI unit of viscosity is Pascal second (Pa·s).  
 
                                     (Eq. 2.8) 
                                                                                       
 
τ Shear stress [N/m2] 
   
η Viscosity of fluid [Pa·s] 
   
dy
duz
 
 
Velocity gradient 
 
[1/s] 
 
 
For some fluids, such as water, oil, gases, and ethanol, the shear rate is proportional to the 
shear stress. The viscosities of fluids still remain constant no matter how the shear rate varies, 
as long as temperature and pressure remain constant.  
dy
du zητ −=
Theoretical Background 
  
17 
However, for some other fluids, such as polymer solution or cultural media with biomass, the 
relation between shear rate and shear stress is nonlinear. Their viscosity is variable based on 
the applied force, sometimes even time dependent. This behavior of fluid is commonly known 
as non-Newtonian behavior. Both Newtonian and non-Newtonian fluids can be modeled by 
the Ostwald-de Waele power law (Blair et al. 1939; Ostwald 1929; Reiner and Schoenfeld-
Reiner 1933) (Eq. 2.9): 
                                                                                                                                                       
                                                                                                                                                                 (Eq. 2.9) 
τ Shear stress [N/m2] 
 
  
K flow consistency index [Pa·sm] 
 
  
γ Shear rate [1/s] 
 
  
m flow behavior index [-] 
 
 
Non-Newtonian fluid can be categorized into several types based on the flow behavior index 
(Eq. 2.9): 
        
        
Table 2-1: Classification of flow behaviors 
Flow behavior index (m) Type of fluids 
m = 1 Newtonian fluid 
m < 1 Pseudoplastic 
m > 1 
Non-Newtonian fluid 
Dilatant 
 
 
 
 
Pseudoplastic fluids, or known shear-thinning fluids: Its viscosity decreases as shear rate 
increases, for example, some gels and pastes (Figure 2-4).  
mK γτ ⋅=
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Dilatant fluids, or known shear-thickening fluids: Compared to pseudoplastic fluids, their 
viscosity increase as shear rates increase, for example, mixed paste of cornstarch and water 
(Figure 2-4). 
 
Bingham plastic: Its viscosity depends on a critical shear stress (t0) and then becomes 
constant (Figure 2-4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-4: Classification of fluids based on relation of shear stress to shear rate 
 
2.4 Power input 
 
Power input (Power consumption) is one of important parameters in biochemical engineering, 
in particular in aerobic fermentation. The importance of power input is not only the economic 
considerations, but also plays an essential role in design of reactors or scale-up processes. In 
present, the measurement techniques and the mathematical estimation in stirred tanks with 
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different geometries have been known well in many public reports and papers. Moreover, the 
power input in unbaffled shake flasks has also been determined successfully by Büchs et al. 
(Büchs et al. 2000a; Büchs et al. 2000b). The nondimensional description of power 
consumption as power number (Newton number) is correlated by the fluid behaviours as 
Reynolds number (Re) (Figure 2-5). 
 
 
 
Figure 2-5: The correlation between the modified Newton number (Ne´) to the flask 
Reynolds number (Re) (Büchs et al. 2002) 
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2.5  Mixing Theory 
 
Mixing is a basic and most encountered unit process in industrial process engineering. It also 
plays a key role in many fields, for example, polymer processing, pharmaceuticals, 
biochemical engineering, and food industry, etc. Poor mixing often results in reducing the 
conversion rates of educts to products and in increasing the expenditure of down-stream 
processing. Hence, the mixing process should be faster than the residue time of components in 
reactors. The basic concept is to split volumes of the fluid into small pieces to arrive a certain 
homogeneity (Figure 2-6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                       
Figure 2-6: The mixing of molecules in stirred reactors and in the shake flask 
 
Depending on different operation, the various mixing processes can be classified into several 
types:  
M 
Large small 
Scale of molecular 
Shake flask 
Stirred tank 
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Liquid-Liquid Mixing, also known as liquid blending: Liquid mixing is a fundamental task 
in the unit operation.  Most liquid operation, for example, mixing between miscible liquids, 
mixing between immiscible liquids, mixing between viscous fluids, etc. is involved. This type 
of mixing can be carried out by different stirrers, impellers, agitators.  This kind of mixing 
also includes emulsion and dispersion. 
 
Solid-Liquid Mixing, also known as suspension: This kind of operation is another most 
encountered mixing operation in industry, for example, cement, sand in construction industry, 
additives in the food industry. Solid concentration and size distribution has significant 
influence on the performance of this type of mixing (Kato et al. 2003; Kraume 1992; McKee 
et al. 1995). 
 
Gas-Liquid Mixing, also known as dispersion: In biotechnology, gas often has to be purged 
into reactors to supply the requirement for growth of microorganisms or maintain the 
physiological functions. Gas-limitation might result in negative effects on growth of bacteria 
and increase the production of byproducts, such as acetic acid by E.coli. The performance of 
this type of mixing lies in the maximum surface area of gas phase in the liquid phase. Some 
equipments and mixers, such as stirrer (CSTR) are used to enhance the rate of mass transfer 
between these two phases.  
 
Fluid mixing is concentrated in this study. A fluid mixing occurs as a combination of liquid 
motion mechanisms such as convection, diffusion, stretching, segregation, eddy dispersion: 
 
Diffusion: This phenomenon usually occurs in the low Reynolds number regime (laminar 
regime). The molecules move and contact each other randomly. Because the material 
transports reduce the gradient of concentration among elements to achieve the homogeneity 
by molecular diffusion only. In other words, the mixing processes take place at molecular 
level, also known micromixing. Due to the lack of turbulence, this mixing is time-consuming 
and inefficient. Micromixing has a significant influence on the liquid reactions. Micromixing 
must occur before reactions take place. Good micromixing can reduce the production of 
byproducts and enhance the yield of production. The investigation for micromixing in 
microbioreactors has been seen in many publications (Chen et al. 2005; Chung and Shih 2007; 
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Ehrfeld et al. 1999; Hardt and Schoenfeld 2003; Li et al. 2008; Panic et al. 2004; Schwesinger 
et al. 1996; Stroock et al. 2002). The micromixing time also has been determined. (Assirelli et 
al. 2008; Fang 2001; Garcia et al. 2009; Kling 2003; Rousseaux et al. 2001)  
 
Convection: When the fluid is treated under external power input, such as, propellers or 
shaking force, centrifugal force, more turbulence occurs. On this scale, the interfacial contact 
area among the molecules species increase, the convection becomes more important and 
critical, known as macromixing. Macromixing is the combination of convection and eddy 
dispersion. This combination of two mechanisms heads faster mixing than that due to the 
diffusion mechanisms. 
 
2.6 Definition of mixing time and degree of homogeneity of mixing in 
conventional reactors 
 
The objective of mixing is to take two or more components to blend them to reach a certain 
degree of uniformity, also to reduce the gradients of properties, such as temperature, 
concentration, substrates or conductivity. The mixing process is characterized by a time scale, 
called mixing time. The experimental measurements of mixing time are performed by adding 
the tracers. These tracers can be basic or acidic solutions, electrolyte, solutions with different 
temperature, color ink, etc. The tracer concentration is measured as a function of time at one 
or more other points. Figure 2-7 shows a typical mixing procedure in a conventional stirred 
reactor. The y-coordinate can be a certain measured parameter, as for example, temperature, 
pH value, conductivity, dye concentration, or concentration of reactants in reactors. Generally, 
the typical mixing time is then the time it takes for the measured concentration C(t) to stay 
within a certain range (e.g. 95%) of final concentration C∞. Mixing time is also a very 
essential empirical parameter to describe and to characterize the behaviour of fluid in reactors. 
The shorter the mixing time is, the more effective the mixing.  
 
The performance of mixing can be evaluated by the degree of homogeneity, also known as 
intensity of mixing. Danckwerts first introduced this statistical expression “goodness of 
mixing” based on measurement (Danckwerts 1952).  Some other researchers also presented 
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different statistic expressions of degree of homogeneity (Boss 1986; Hiby 1979). A typical 
degree of homogeneity presents (Eq. 2.10): 
 
 
                                                                                                                                       (Eq. 2.10) 
 
Here, C∞ is the tracer concentration at equilibrium, and C(t) is the concentration at time t.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-7: Typical concentration profile of a tracer after addition in a stirred tank. The 
mixing time (t95%) in a conventional stirred tank is defined as the time when the concentration, 
C(t), achieves a certain homogenization, e.g., ±5% of the final equilibrium concentration (C∞). 
 
Hiby found the correlation between the ratio of the normalities of the initial solutions before 
mixing and homogeneity. He described the homogeneity parameters based on combinations 
of initial, local, and final concentrations. A mixing time for a selected deviation can be 
measured by visual observation.  
The normality ratio X (= nB / nA, VA << VB) of the two initial solutions B and A could be 
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obtained as the following equation: 
 
 
                                                                                                                            (Eq. 2.11) 
 
ā            VA/(VA+VB), mean value of a                                                          [-] 
 
X            nB/nA, ratio of the normalities of the initial solutions                     [-] 
 
δ            △ a/ ā, relative deviation of the local volume fraction a from ā     [-] 
 
δmax        Maximum measurable value of δ                                                    [-] 
 
In this study, VA = 0.0055 ml (diameter of needle 0.15 mm); VB = 25 ml (in a 250 ml shake 
flask), X = 7.18× 10-5, the relative deviation, δmax, could be calculated as 0.673.  
 
2.7 Methods to measure the mixing time 
Different physical and chemical methods can be applied in determining the mixing time in 
reactors (Käppel 1979). Mixing time can be measured by monitoring the chemical, physical, 
and biological properties of a system. Currently, mixing time can be measured by various 
methods (Table 2-2): 
 
Temperature: Some researchers have measured the temperature gradients in stirred tanks to 
evaluate the mixing time (Mayr et al. 1992; Szoplik and Karcz 2008). This can be done by 
adding a liquid of different temperature into the bulk solution. Hereby, the temperature at 
different locations in the tank is monitored over time by sensors. In this case, mixing has been 
defined as the minimum residual fluctuation of temperature. However, this physical technique 
is not suitable for highly viscous solution, since the changing of viscosity of a fluid is a 
function of temperature.  
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Electrolytic conductivity: Measuring conductivity is also commonly applied for determining 
the effectiveness of mixing (Biggs 1963; Kramers et al. 1953; Rielly and Britter 1985; Szoplik 
and Karcz 2008). With this technique, an electrolyte solution is added to the tank, and the 
conductivity of the bulk solution is detected as a function of time. However, this method is 
not suitable for nonconductive solutions.  
  
Refraction index: Determination of mixing time can also be done by measuring the 
scattering of light, when two liquids with different refraction indices are mixed (Vusse 1955; 
Zlokarnik 1967). Light through the bulk phase in reactors is scattered due to the difference 
between two refraction indices. As the fluid is completely mixed, all streaks disappear. The 
mixing time is described as the time required when all streaks disappear. Because this method 
is based on the different optical properties of two liquids, the obtained time only reflects the 
mixing phenomenon where the light can transmit. 
 
Decolorization method: This technique is the simplest method and is used mainly for 
measurement of mixing time. According to reactions, the technique can be categorized into 
decolorization of neutralizing reaction and redox reaction. The former is by adding acid (or 
base) in the bulk solution with one or more pH indicators (Hiby 1979; Kraume 1992; 
Menisher et al. 2000; Stein 1987; Wang and Zhong 1996), and the latter describes the redox 
reaction between sodium thiosulfate and iodine with starch as indicator (Barrett et al. 2009; 
Gray 1963; Himmler and Schierholz 2004; Hool 1992; Opara 1975; Rousseaux et al. 2001; 
Schoenemann et al. 1993; Schoenemann and Voemel 1992). The mixing time is defined as the 
interval time between the addition of dispersed phase and the disappearance of the last colour 
trace.  
 
The decolorization can be examined by visual observation. This method has several 
advantages. Firstly, the technique is very easy to perform, in particular for small-scale 
reactors. The expenditures for the devices and experimental set-up are small. Secondly, it is 
very helpful to observe the dead or stagnant zone in reactors. However, this method is not 
proper for the mixing of high viscous solutions. This is because mixing between high viscous 
solutions lasts over a long period of time. In other words, the results often spread over a 
certain range. Moreover, the evaluation of mixing time is often subjective owing to visual 
observation by naked eyes or video images. Visual techniques need transparent reactors and 
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clean medium. They are not appropriate for stainless steel vessels. Fortunately, the progress of 
optical and laser technology has improved the accuracy and availability of noninvasive 
measurements, such as Laser Doppler Anemometry (LDA), that is an optical technique for the 
measurement of velocity and turbulence distribution of fluids (Shekhar and Jayanti 2003), 
Particle Image Velocimetry, that is a optical method of flow visualization for the 
measurement of velocity, and Planar Laser Induced Fluorescence (PLIF), that is optical 
diagnostic technique for measurements of the velocity (Bellerose and Rogers 1994; Coppeta 
and Rogers 1995; Kling 2003; Villermaux and Innocenti 1999) which have been used 
successfully in measuring mixing time in reactors.  
 
Planar laser-induced fluorescence (PLIF): This method is applied by adding a fluorescence 
indicator to the bulk solution. Excited by a laser, the fluorescence indicator emits light of a 
particular color (usually yellow-green). Fluorescence is detected here by sensors or observed 
by cameras (Kling 2003; Reungoat et al. 2007). With this technique, the mixing time is 
regarded as the time, when the bulk solution shows uniform color after the addition of the 
indicator. This application improves the accuracy of the mixing time measurement in 
comparison with that by colorimetric method.  
 
Radioactive liquid tracer technique: The principle of this method is that a radioactive liquid 
tracer (for example, technetium-99m or sodium-24) is added to the bulk solution (Pant et al. 
2001; Thyn 1976). The main advantage of this technique is that the concentration of the tracer 
can be measured at high temperature (e.g. 300°C) where most other methods are not suitable. 
However, an important drawback is the exposure to radioactivity.  
 
Liquid-crystal thermography (LCT): The thermochromic liquid crystal presents different 
colors at different temperatures. By considering this property, the color changes in a solution 
can be visually analyzed (Lee and Yianneskis 1997). Similar to the colorimetric method, an 
advantage of this technique is that it is easy to identify dead zones. However, it is still 
subjective due to the visual observation by researchers and is unsuitable on an industrial scale. 
Any light disturbance from the surroundings could result in deviations of the mixing time. 
 
As shown above, measurement of mixing time has been the focus of many research papers. 
However, there is no gold standard for all cases. Whereas some methods work well on a 
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laboratory scale, they fail on a large scale. Thus, it is meaningless to compare the absolute 
values from different methods. Moreover, data reported in the literature are difficult to 
compare, because homogeneity has been defined according to different criteria (Figure 2-8). 
Therefore, the mixing time is only meaningful in terms of relative homogeneity. 
 
In this work a decolorization method is used to quantitatively characterize mixing time. To 
highlight the specific and unique properties of this method it is compared to well established 
and frequently utilized method applying a probe (e.g. for temperature, pH or conductivity) 
(Table 2-3). The latter methods provide a continuous signal from a probe at one (or more) 
more or less arbitrarily reacted location. The homogenization proven can be followed on-line 
until complete homogeneity at that specific point is reached. According to common definition 
mixing time is reached when the signal fluctuations are less than ±5% of the final equilibrium 
value. This method does not provide any information on dead zones, and their position which 
are characterized by a low fluid exchange with the bulk liquid and which are, therefore, 
poorly mixed. In contrast, colorimetric methods give a picture about the local distribution of 
mixing in the whole reactor. Zones which exhibit bad mixing can be easily localized. Mixing 
time with decolorization methods, are usually referring to their location in the reactor which 
show the latest response to the induced change. The obtained values represent so to say a 
worst case situation. In comparison, the colorimetric method with the dye is useful to measure 
the absolute mixing time, that is, the reactor is considered homogenous, when the color dye is 
uniform throughout. However, the reactants have to be present at least in stoichiometric 
equivalence in decolorization method (Eq. 2.11). 
  
Figure 2-8 presents the dynamic response of the pH value for two different concentrations or 
amounts of acid added. In both cases an excess of acid is used to evaluate the macro mixing 
time. In these two cases different final pH levels at equilibrium are reached. However, the 
measured mixing time is almost independent of acid concentrations. If the micro mixing time 
at predefined degrees of mixing is in the focus of interest, the normality ratio X has to be 
calculated according to Eq. 2.11 at given volume ratio ā and the target relative deviation δmax. 
In the current project the amount of acid added (drop volume released from the central needle) 
is difficult to access as it depends of shaking frequency and shaking diameter (Figure 3.2). 
Therefore, the first mentioned method with an excess of acid under all conditions is used to 
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Time t [s] 
pHend1 
pHend2  
tm  0
pH color change of indicator  
pH start   
 
 
5.5
 
7.5
 
characterise the macro mixing time. Furthermore, the reproducible macromixing time can be 
determined for an acid-to-base ratio higher than 2 (Godleski and Smith 1962). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-8: The comparison of pH profile as response to added acid. Different added 
concentrations or amounts of acid result in different final pHend values. The pH indicator 
(bromothylmol blue) utilized in this study changes color at pH 5.5. The mixing time (tm) is 
defined as the time for the last part of the bulk solution to show a decrease in the pH-value 
from 7.5 to 5.5. 
pH [-] 
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Table 2-2: Comparison of different techniques of measurement 
 
 
Technique Advantage Disadvantage Authors 
Temperature 1. Simple 
2. Continuous measuring 
3. Reducing subjection 
1. Mixing time is dependent 
on the sensor position 
2. Only for low viscosity 
system 
 
Zlokarnik (1967), Hoogendoorn and Hartog 
(1967), Landau (1962) 
Electrolytic conductivity 1. Continuous measuring 
2. Objective measurement 
1. Mixing time is dependent 
on the sensor position 
2. Not suitable for high 
temperature systems 
3. Disturbance of the signal 
by bubbles 
 
Biggs (1963), Kramers et al. (1953), Rielly 
and Britter (1985), Szoplik and Karcz (2008)  
Refraction index 1. Continuous measuring 
2. No disturbance in the flow 
 
1. Results are only from the   
    region of transmission of    
    light 
 
Zlokarnik (1967), Vusse (1955) 
Decolorization method 1. Simple, cheap 
2. Indentify the death zone 
1. Subjective 
2. Not fit for the large scale 
Grenville and Nienow (2004); Gronin et al. 
(1994); Hiby (1985); Himmler and 
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Technique Advantage Disadvantage Authors 
 Schierholz (2004); Kraume and Zehner 
(2001); Menisher et al. (2000); Rousseaux et 
al. (2001); Stein (1987); Wang and Zhong 
(1996) 
 
Planar laser induced fluorescence 
(PLIF) 
1. Identify the death zones 
2. High Selectivity 
 
1. Not suitable in the 
industrial scale 
 
Kling (2003); Reungoat et al. (2007) 
Radioactive liquid tracer 
technique 
1. Sensitive 
2. Possible at the system 
above the 300°C 
3. Only a small volume of  
    tracer material is needed 
 
1. Health hazards  
2. Safety aspect 
Pant et al. (2001); Thyn (1976) 
Liquid-crystal thermography 
(LCT) 
1. Identify the death zones 
 
1. Subjective 
2. Not suitable in the 
industrial scale 
3. Dependent on the  
    calibration of crystals 
Lee and Yianneskis (1997) 
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Table 2-3: Comparison between continuous methods and colorimetric method 
 
 
Technique 
Property 
Field of application Measured signal Definition of mixing time 
Continuous methods Degree of homogenization at a specific location in the reactor 
defined by the position of the probe 
Continuous (steady) e.g. 95% time to reach final 
equilibrium value 
Discrete method 
(Color change method) 
1. Identification of poor mixed zone (dead zone) in the reactor 
2. Quantification of degree of homogeneity up to a threshold 
volume in the zone, defined by the specific method. 
Semi quantification 
 (discrete) (digital) 
Time to reach a threshold value 
of the applied indicator. This may 
significantly differ from the time 
necessary to reach e.g. 95% 
homogeneity. 
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2.8 Comparison of measured mixing time in shaking reactors in literature 
 
As aforementioned, only few results of mixing time in different types of shaking reactors have 
been known in the literature. Table 2-4 shows an overview concerning the mixing time that was 
measured in shaking reactors by other researchers until now. Here it is clear to see that certain 
deviation existed by different researchers. Methodically, the measurement of the mixing time 
was often done by non-invasive method due to the limitation of shaking reactors. Mostly, mixing 
time was determined by colorimetric method. Interestingly, Gerson et al. (2001) used a mixmeter 
to evaluate the performance of mixing process in shake flasks, but they could not convert the 
data of signals to real mixing time. Furthermore, the measured mixing time was strongly 
dependent on the operating parameters, i.e., geometry of reactors, filling volume, shaking 
diameter, and shaking frequency. Rhodes et al. (1957) used water as a test solution; the mixing 
time could take from few seconds to few minutes. In a 500 ml smooth shake flasks, the mixing 
time could be less than 10 s.   
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Table 2-4: Overview of measured time in shaking reactors in the literature 
 
Researcher Rhodes et al. (1957) Gardner et al. (1992) Kato et al. (1996) Gerson et al. (2001) 
Reactor Smooth flask Table container Vertical cylindrical vessel 
Flask 
(New Brunswic) 
Test solution Water 
Tap water (1 mPa·s) 
Corn syrup (5 mPa·s ) 
Tap water  
(0.9 mPa·s) 
Glycerin solution  
(100 mPa·s) 
Deionized water 
1% Dextran  
(Viscosity is not 
mentioned) 
Measuring method Decolorization Colorimetric method Electric conductivity Mixmeter 
Reactor volume  500 ml 
100 ml  
(Diameter 46 mm) 
Diameter 8.5 - 20.6 cm 1 liter 
  
Filling volume (ml) 50 ml 25 - 75 ml 402 - 4066 ml 540 ml 
Shaking diameter (mm) 0.75 inch (ca. 19 mm) 19 mm 10 - 40 mm Not mentioned 
Shaking frequency (rpm) 90 - 268 rpm Not mentioned 102 - 198 rpm 0 - 250 rpm 
Mixing time  6 - 10 s 
300 - 1800 s 
7860  - 19980 s 
Max. 2500 s 
Mixing single: 
0.01 - 0.1 
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2.9 Influential parameters on the mixing time in shake flasks 
 
In this chapter, different influential operational parameters or properties of reactants are 
investigated to determine the mixing time and to characterize the mixing process in shake flasks. 
The general parameters describes the mixing time are following types:  
 
tm = f (n, η, ρ, C, VL, d, d0) 
 
However, in this study, only one acid drop is added into the bulk solution. The volume of drop 
(approx. 5 µl) is much smaller than the volume of bulk solution (from 10 ml to 50 ml). The 
influence of difference of density between the added drop and bulk solution can be neglected. It 
is estimated that mixing time is as function of the concentration of added acid, shaking frequency, 
shaking diameter, filling volume, and viscosity (Figure 2-9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-9: Influential parameters on mixing time 
Concentration of added acid C 
Filling volume VL 
Shaking diameter d0 
Shaking frequency n 
Flask diameter d 
Viscosity η 
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3. Materials and Methods 
 
 
 
 
 
 
In this chapter, mixture of liquid was performed in unbuffled nominal shake flasks. The 
characterization of mixture is investigated by measuring the mixing time with colorimetric 
method in combination with a rotating camera. The dimension of reactors and the structure of 
devices are also introduced. 
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3.1 Materials 
 
3.1.1 Erlenmeyer flask 
 
An Erlenmeyer flask, also named conical flask or E-flask, is a 
conical laboratory flask with a narrow neck and flat broad bottom, 
(Figure 3-1). They are commonly used to mix or store liquids. 
They are also widely used as small reactors for biological 
cultivation. Standard unbaffled, narrow Erlenmeyer flasks with 
geometrical dimensions according to German Industrial Standard 
DIN 12380 of 100, 250, and 500 ml nominal volume (Schott, Main, 
Germany) are used in this study (Table 3-1). The more detail 
dimension of flasks can be seen in appendix B1. 
 
     Figure 3-1: Shake flask 
 
     Table 3-1: Dimension of nominal shake flasks  
 
 
3.1.2  Indicator 
 
Indicators are weak acids or weak bases. They have chemical properties that can present 
different colors at different pH values. They are also commonly called acid-base indicators. 
Some common indicators have been widely used in chemical analyses or biological reactions, 
such as phenol red (transition of pH range 6.8-8.4), Naphtholphthalein (transition of pH range 
Volume of flask Maximum inner diameter (d) Height of flask (hk) 
100 ml 62.92 mm 107 mm 
250 ml 86.72 mm 145 mm 
500 ml 105.82 mm 180 mm 
dk 
0.8 mm 
hk 
34 mm 
42 mm 
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7.3-8.7). The transition of pH range of bromothylmol blue is 6.0-7.5. That is, it turns blue above 
pH 7.5, and turns yellow below 6.0 (Figure 3-2). 
 
 
 
 
 
 
 
 
 
Figure 3-2: The presentation of colors of the indicator at different pH values 
 
3.2 Devices of experiments 
 
 
3.2.1 Rotating camera  
 
Observing the movement of the fluid is the first 
step to understand the hydrodynamics in shake 
flasks. However, it is difficult to watch the 
movement and trace of fluids in shaking flasks. The 
chair of Biochemical Engineering, RWTH Aachen 
developed a rotating camera to observe the 
movement of fluids in shaking flasks (Lotter 2003) 
(Figure 3-3). In this study, this device was 
reconstructed to measure the mixing time in shake 
flasks. 
 
          Figure 3-3: Rotating camera 
pH 5.5 5.8 6.0 7.1 7.5 
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3.2.2 Structure of rotating camera 
 
 The rotating camera is composed of 5 main parts (Figure 3-3; Figure 3-4): 1) a table, 2) a 
motor, 3) a rotating plate with a gear box, 4) a wireless camera, and 5) a signal receiver (Seletzky 
et al. 2006)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-4: The whole experimental set-up of the rotating camera 
 
 
In order to minimize the shaking of the whole device at high shaking frequency, the table is 
designed with the dimension 840 mm × 840 mm × 750 mm and fixed by four large standing 
units. (Type HPR 8, Effbe, Bad Soden-Salmünster, Germany). 
 
The motor (type 50115, Heidolph Instruments GmbH, Schwabach, Germany), is equipped by 
following technical data:  
 
Pump 
CCD camera 
Gear box 
Wireless transmission 
Motor 
White board 
2 M H2SO4 
Shake flask 
Shaking radius 
Coupling 
Table 
Signal receiver 
M 
Rotating plate 
Shaker platform 
20° 
needle 
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Power comsumption: 38 – 105 Watt 
Shaking frequency: 45-350 rpm 
 
The motor is connected to the rotating plate by a coupling. The function of the coupling is to 
improve the balance of the rotating plate due to the high rotating frequencies and therefore avoid 
the damages of the device. 
 
The rotating plate is the central and most important part of the device. As mentioned, the 
movement of fluid shows as a form of a sickle (Figure 2-1). It is necessary to watch the 
movement of fluid from different angles to find out the last trace point. Therefore, the rotating 
plate consists of an inner plate and an outer ring. Different observing angles can be set by 
adjusting the positions of these two corresponding plates. The observation of fluid can be 
achieved 360° round. The specialty of this rotating camera is to observe the movement of fluid 
from any angles at all times. 
 
To achieve recording and observing the sickle of fluid in flasks successfully, the wireless camera 
is another important assembly part for the whole device. The whole wireless camera is composed 
of a CCD (charge-coupled device) color camera (VCAM-110, Phytec Technologie holding AG, 
Mainz) and a signal sender (Giga-Link Mini-sender, No.: 116971-62, Conrad Electronic GmbH, 
Hirschau). The camera can be run by batteries or power supply. In addition, the signal receiver 
(No.: 117064-62, Conrad Electronic GmbH, Hirschau) is designed for receiving and transmitting 
the signal to computer. Practically, the rotating camera is assembled on a track of steel. The 
camera plate rotated counter clockwise (as seen from Figure 3-5). The 1:1 gear box inversed this 
movement in a counter movement of the same speed. As a result, the shake flask kept its 
orientation in space while the central axis of the flask rotated around the axis coming from the 
motor (Figure 3-5). This corresponds to the normal movement of a shake flask on an orbital 
shaker. The camera always had a fixer angular position relative to the direction of the centrifugal 
force. The angle of observation could be changed +/-45° horizontally (Figure 3-6) and +20° 
vertically (Figure 3-4). Therefore, the researcher could observe the movement of the fluid from 
any angle. In order to clearly view the final color change of the fluid at the head of the rotating 
bulk solution, the camera had to be shifted accordingly (Position 1 in Figure 3-6) 
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Centrifugal force acceleration 
Rotating camera 
Position 1 
Position 2 
Position 3 
+45° 
-45° 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-5: Vertical top view of movement of fluid in the shake flask 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-6: Position of camera relative to the shake flask. Position 1 indicates the direction to 
the point of last trace of blue color (original color before acid is added); position 2 indicates the 
direction of centrifugal force; position 3 indicates the direction to the position where the added 
acid drop penetrates into the bulk solution. 
 
Rotation of camera 
Rotation of liquid inside the shake flask 
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The flask is put on the upper side of the gear box in the center of the plate. The shaking diameter 
can be varied from 25 mm to 75 mm by adjusting the gear box, which is corresponded to the 
position of rotating plate for different operating conditions.  
 
The highest shaking frequency in experiments was 350 rpm. Since the shaking flasks are just 
fixed by the glue tape, the flasks could fly away due to high centrifugal force and damage the 
device. Therefore, the whole device is surrounded by a protection wall.  
 
3.2.3 Improvement the quality of video and of the observation 
 
The colorimetric method is the simplest method for measuring the mixing time. However, due to 
the scatter of light beam or the reflection of light from the surroundings, the results were often 
subjective (Figure 3-7) and decreased the accuracy. A circular light bulb (32W/ 25C Osram, 
Munich) is mounted on the top of the rotating camera (Figure 3-8). The light beam could be 
splitted smoothly at the same intensity of light on the each side of shake flasks. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-7: Reflection of light from surroundings 
Reflection from surroundings 
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Figure 3-8: The circular light bulb 
 
3.2.4 Dosing devices 
 
In fed-batch and continuous cultivation, the substrates or nutrients are usually added in the form 
of drops by peristaltic pump or in the form of pulse by membrance pump. To perform this 
operation, pumps are most commonly applied manually or automatically. In our experimental 
establishment, two different pumps, membrance pump (Figure 3-9) (M5, LEWA GmbH, 
Leonberg, Germany) and peristaltic pump (Figure 3-10) (101F, Watson-Marlow GmbH, 
Rommerskirchen, Germany) could be used. The mechanism of membrane pump is to add the 
dispersed phase by pulse motion.  
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         Figure 3-9: Membrane pump                                Figure 3-10: Peristaltic pump 
 
However, substrates are usually added as to reactors in form of drops (Akgün et al. 2008). 
Therefore, the peristaltic pump had been selected as the injection device. Practically, to form the 
drops, the dispersed phase was dosed by needles with small inner diameter of 0.15 mm (Nr. 
F560016-1/4, Vieweg GmbH, Kranzberg, Germany), and inner diameter of 0.85 mm (Nr. 
F560087-1/4, Vieweg GmbH, Kranzberg, Germany) and derived by a peristaltic pump (Figure 
3-11). 
 
 
 
 
 
 
 
 
 
          
 
Figure 3-11: Dosing needles 
 
Injection needles 
Injection pipe 
Adapter 
Flask plug 
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3.3 Formation of drops 
 
In order to simulate the real addition condition in RAMOS (Figure 1-5) or COSBIOS (Figure 
1-6), drops have to be added to the bulk solution by peristaltic pump to compare the reults on the 
same basis. As mentioned previously, only one drop was added to the bulk solution. Therefore, 
the speed of the peristaltic pump had to be adjusted on the lowest level. When the formation of a 
drop on the peak of the needle could be seen, the pump had to be turned off. In this way, the 
second drop would not be pushed out into the flask. 
 
3.4 Volume of drops 
 
The performances of the reactions or the quality of products in chemical engineering are often 
influenced by the concentration and quantities of the added substrate. The formation of drops is 
affected by two factors; gravity force of the drops and the centrifugal force (Figure 3-12). In all 
experiments of this study, the acid is added as only a drop by peristaltic pump. The volume of 
each drop is determined by measuring the weight and numbers of drops over a certain period of 
time.  
 
 
 
 
 
 
 
 
 
 
Figure 3-12: Formation of drops from dosing needles 
Dosing needle 
Fg = Gravity force 
Fc = Centrifugal force 
The flying direction of detached drops 
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3.5 Definition of mixing time 
 
In this study, the mixing time (tm) is defined as the time interval between the touch of an added 
drop to the bulk solution and the moment when the last trace of blue color exists. (Figure 3-13) 
 
 
 
 
 
 
 
 
                                                                    
 
 
Figure 3-13: Pictures of the mixing process in shaking flasks: (A) an acid drop detached from 
the injection needle. Arrow shows the acid drop; (B) The color of the bulk solution turned from 
blue to yellow; (C) The last trace of blue color in the front part of the rotating bulk liquid. The 
arrow shows the last trace of blue color. Operation parameters: 250 ml shake flask; 25 ml filling 
volume; 50 mm shaking diameter; 200 rpm shaking frequency. These pictures are taken by the 
rotating camera on the position 1 in Figure 3-6. 
 
3.6 The principle of visual analysis 
 
As aforementioned, the optimal mixing time in this study was determined by using colorimetric 
technique. So evaluating the last trace of the original blue color was the key step to accurately 
determine the exact mixing time. Visually, the mixing time in a low viscous fluid takes only a 
short time, and the last trace of blue color is easy to distinguish. However, the mixing process in 
high viscous fluids is often a slow and long dispersion of liquid. Consequently, the challenge 
here was to identify the last trace of a color change of the indicator. It is also subjective to 
determine the mixing time by naked eyes with a stopwatch. Thus, the exact last trace of blue 
A B C 
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color was identified with the help of the software and the computer. In this work, there are two 
alternatives to analyze the video data:  
 
3.6.1 Visual analysis by VirtualDub 
 
Recorded video data (format: PAL) could be cut into 25 frames of images per second by the 
software VirtualDub 1.6.9 (Copyright 1998- 2005 by Avery Lee) (Figure 3-14). The different 
frames were then checked visually. It is possible to find out the exact frame when an acid drop 
hit the bulk solution and the exact frame when the last trace of blue color disappeared. The 
mixing time was calculated by following definition: 
 
Mixing time = (the number of the last frame of blue color – the number of the frame of 
drop into the bulk solution) / 25 (frames/sec)  
 
 
Figure 3-14: Analysis of digital images by Virtualdub 
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3.6.2 Visual analysis by Labview 
 
In order to identify the disappearance of the last trace of blue color in the shake flask more 
effectively and more correctly, the chair of Biochemical Engineering, RWTH Aachen developed 
a software basic on LabVIEW for the diagnosis of digital images. LabVIEW (Laboratory Virtual 
Instrumentation Engineering Workbench) is a graphical programming language which was 
developed by National Instruments. It is generally applied to the automation, measurement, and 
instruments control in laboratories or industries. 
 
In digital image processing, pixel is smallest unit which can be controlled. Each color in each 
single picture is presented by the intensities of three basic components, red (R), green (G), and 
blue (B). Therefore, the central theory to analysis of videos is to trace the change of intensity of 
blue color component in each single frame against time. 
 
First, this software can dissemble the recorded videos frame by frame. In order to avoid the 
unnecessary disturbance of unwanted reflection, we used mouse to select the regions that is 
wanted to analyze (Figure 3-15). However the much noise presents in the curve from raw data. 
These curves had to be processed for the meaningful use by the help of the filter (Figure 3-16). 
There are many different filters for image processing, e.g. Rank-filter, Median-filter. After tried 
and error, the data processing by Median-filter is more correct. Therefore our software was 
programmed under the analysis of Median-filter. 
 
Figure 3-16 shows the intensities of blue color in the course of time. Obviously, the intensity of 
blue color decreases very sharply when the acid drop impacts into the bulk solution. When the 
bulk solution presents yellow color after complete mixing, the intensity of blue color stays a 
constant value. Therefore the mixing time could be quantitatively determined. 
 
 
 
Materials and Methods  
48 
 
 
Figure 3-15: The screenshot of analysis of images software written by Labview. The region 
circled by green curve presents analyzed region.  
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Figure 3-16: The screenshot of analysis of images software. The intensity of blue color was 
presented by the three different filters against the numbers of frames. 
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3.7 Viscous system 
 
3.7.1  PVP (polyvinylpyrrolidone) solution 
 
PVP (polyvinylpyrrolidone) (Luviskol K90, BASF AG, Ludwigshafen, Germany) was applied as 
a viscous test solution. The power products were white. The aqueous solution (solved in 
deionized water) was clear and colorless to slightly yellow. To improve the accuracy of 
measurement of viscosity, the PVP solution had to be stirred continuously until the viscosity did 
not change over the time. 
 
3.8 Measurement of viscosity 
 
The viscosities of fluids, which were applied in this study, were measured by a cone-plate 
viscometer (Rheolab MC1, portable, Paar Physica Messtechnik, Stuttgart, Germany). The 
geometry of cone is standardized by DIN 53019, type MK 91/6, angle of cone 0.5 degree, radius 
of cone 37.5 mm, and the range of measured torque was from 0.05 to 0.5 mNm.  
 
To measure the viscosity, 1000 µl sample was placed between the cone and plate. The gap 
between cone and plate was 25 µm, the shear rate was increased linearly from 100 1/s to 3000 
1/s. The evaluation of viscosity was done by software Rheoplus Version /32 3.00X. All 
experiments were carried out at 25°C, 1 atm. 
 
 
3.9 Measurement of pH value 
 
All measurements of pH-value in this study were measured by pH meter. (Digital system pH-
meter CG804, SCHOTT Instruments GmbH, Germany)  
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3.10 Experiments and procedure of mixing time 
 
As mentioned above, the indicator changes colors gradually at different pH values. In 
experiments, acid/base solution with bromothylmol blue as the color indicator is utilized to 
determine mixing time.  
 
The indicator solution was prepared by 0.1 g bromothymol blue in 100 ml 20%-v/v 
ethanol/deionized water solution. The bulk solution was 2% indicator solution and tested 
solution (deionized water and PVP solution). The filling volume of the test solution for most of 
the measurements of mixing time in the shake flask was 10 % of the nominal flask volume. In 
one experiment, the effect of the filling volume was studied by changing the ratio of filling 
volume to flask volume from 0.02 to 0.2. Before each measurement, the pH in the main solution 
was adjusted to 7.5 using 0.05 M NaOH and 0.03 M H2SO4.  
 
A solution 2 M H2SO4 as the dispersed phase was slowly fed by a peristaltic pump towards a 
needle mounted at the center of the head space of the shake flask (Figure 3-4). During the 
experiment, under the influence of the centrifugal force, a single drop (approximately 5 µl) 
disintegrated from the tip of the needle. This drop flew to the surface of the rotating bulk liquid 
and penetrated into it. The mixing time was defined as the time between the addition of acid and 
disappearance of the color of the last trace in the shake flask.  
 
Two different needle diameters for adding, i.e. 0.15 mm and 0.85 mm, were used for 
investigating the influence of different adding volumes of acid on the mixing time. Moreover, 
the shaking frequency was varied from 100 rpm to 350 rpm, and the two different shaking 
diameters, 25 mm and 50 mm, respectively, were utilized in this study. The signal was 
transmitted wirelessly by a signal receiver that was connected with a computer. The videos were 
saved in the computer immediately for the off-line analysis. 
 
To enhance the accuracy of measurement, the mixing at each operating condition was repeated 
three times. The average of these three measurements was denoted as the final mixing time. 
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4. Results and Discussion 
 
 
 
 
 
4.1 Volume of drops 
 
The performances of reactions or the quality of products in chemical engineering are often 
influenced by the concentrations and quantities of the added substrates. The volume of each 
detaching drop is determined by measuring the weight and numbers of drops over a period of 
time at different shaking frequencies, two different shaking diameters, 25 mm and 50 mm.  
 
Since the injection needle is mounted on the flask, the gravitational force combined with the 
centrifugal force affect the actual volume of the detaching acid drop (Figure 3-12). Thus, the 
volume of the detaching drop depends on the shaking frequency, shaking diameter, and diameter 
of the needle. Figure 4-1 displays the volume of drop at two different diameters of needles, 0.15 
mm and 0.85 mm, at varied shaking frequencies. It can be clearly seen that the drop volume 
gradually decreased with increasing shaking frequency, because the centrifugal force is 
proportional to the shaking frequency. The drop volume from a needle of a diameter of 0.15 mm, 
however, is approximately 5 µl and relative independent of the shaking frequency. Astonishingly 
the drop volume from needles of diameters of 0.15 and 0.85 mm were nearly independent of the 
shaking diameter. To compare our results at equivalent conditions, most of the experiments in 
this study used a needle with a diameter of 0.15 mm. 
 
 
Results and Discussion  
53 
 
Figure 4-1: The volume of drops detached from needles of various diameters at different 
shaking diameters and shaking frequencies. (■)(□) diameter of needle = 0.85 mm, (▲)(∆) 
diameter of needle = 0.15 mm; filled symbols: 25 mm shaking diameter, open symbols: 50 mm 
shaking diameter. 
 
 
4.2 Position of acid drop impact to the rotating bulk liquid in 
shaking flasks 
 
As the injection needle rotates together with the flask, the exact position of falling acid drop 
depends on the shaking frequency, shaking diameter, diameter of shaking flask, and the distance 
between the needle and bottom of the flask. In order to indicate the position of falling drop, blue 
ink drops were injected into shake flask continuously. Figure 4-2 demonstrates the actual 
position of a drop penetrating into in the bulk solution. In order to clearly indicate the actual 
position of the falling drop in the bulk solution, a water drop is colored by blue ink; the 
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deionized water bulk solution is colored by yellow ink. Also in the extreme case investigated in 
this work (shaking diameter 50 mm, shaking frequency 350 rpm, in a 500 ml shake flask), the 
drop still penetrates into the rotating bulk solution at its back part (tail) (Figure 4-3A). This 
means that the acid drop always penetrates into the bulk solution for the measurement of mixing 
time, and does not just hit the glass wall of the flask. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-2: The picture when the ink drop impacts the bulk solution in the nominal shake flask. 
The arrow indicates where the added blue ink drop impacts the bulk solution. For clear 
presentation, the added water drop is colored by the blue ink; the bulk solution is colored by the 
yellow ink. The operation condition is shake flask: 250 ml, shaking frequency: 250 rpm, shaking 
diameter: 50 mm, filling volume: 25 ml. The rotating camera is located on the position 3 in 
Figure 3-6. 
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Figure 4-3: Position at which the acid drops penetrates into the rotating bulk liquid. Operating 
parameters: (A) volume of shake flask, 500 ml; filling volume, 50 ml; shaking diameter, 50 mm; 
shaking frequency, 350 rpm; (B) volume of shake flask, 500 ml; filling volume, 50 ml; shaking 
diameter, 50 mm; shaking frequency, 100 rpm. The arrow indicates the approximate position of 
the falling acid drop at the moment impacting the rotating bulk liquid. The rotating camera is 
located on the position 3 in Figure 3-6. 
 
Figure 4-1, Figure 4-2, and Figure 4-3 have shown that in our method applied to measure mixing 
time different amounts of acid are introduced at different location of the rotating bulk liquid 
depending on the operation conditions. This is in contradiction to the general practice when 
mixing time is assessed in e.g. stirred tanks. In these latter reactors always the same amount of 
acid is injected of the same position to investigate the effect of operating conditions. However, it 
is the aim of this paper to characterize mixing behavior of shake flasks under conditions which 
are typical for fed-batch and continuous operation. In these cases the nutrients or solution for pH 
control are also added the shake reactors from a central tube. As a result, the drop volume 
detaching from the injection needle and the position of the impact of the drop is also dependent 
of the operating condition. Therefore, it is meaningful to conduct the mixing time experiments 
with the described experimental setup. 
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4.3 Influence of ratio of injected drop volume to bulk liquid volume 
and acid concentration in the drop 
 
In experiments of industries or in laboratories, adequate filling volumes have to be added in 
reactors. Too much filling volume in shake flasks often results the limitation of oxygen and risks 
of contamination in bioprocesses. On the other hand, too little filling volumes can minimize the 
efficiency of production. In this study, different volumes and concentrations of acid were 
injected to the bulk solution using needles of various diameters.  
 
Figure 4-4 exhibits the results of mixing time using needle diameters of 0.15 mm and 0.85 mm, 
as well as different concentrations of added acid, 2 M H2SO4 and 10 M H2SO4. Interestingly, 
there is no significant difference in mixing time at these operating conditions. It has been found 
that the amount and concentration of the injected acid affected the final pH-value of the bulk 
solution, but had no effect on the mixing time measured with our method. This has been already 
been illustrated in Figure 2-8. 
 
Figure 4-5 shows the mixing time as a function of ratio of filling volume to nominal flask 
volume. As a result the ratio of drop volume to bulk volume also changes. Here the shaking 
frequency is fixed at 200 rpm and shaking diameter at 50 mm. It can be seen that the mixing time 
for all nominal flask volumes increased gradually when the ratio of filling volume to flask 
volume increased from 0.02 to 0.08. If filling to flask volume ratio is larger than 0.08, a constant 
mixing time is observed within the accuracy of the measurement. This is another variant of 
example illustrated in Figure 2-8. As long as the filling ratio is larger than 0.08, no influence is 
detectable on mixing time.  
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Figure 4-4: The effect of different injected concentrations on mixing time in bulk solution 
deionized water. The filling volume is 10% of nominal flask volume. Filled symbols: shaking 
diameter 25 mm, open symbols: shaking diameter 50 mm; (♦)(◊) flaks volume 100 ml, (▲)(∆) 
shake flask 250 ml, (●)(○) shake flask 500 ml; blue color: injected diameter of 0.15 mm, injected 
concentration of 2 M H2SO4; red color: injected diameter of 0.15 mm, injected concentration of 
10 M H2SO4; green color injected diameter of 0.85 mm, injected concentration of 2 M H2SO4. 
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Figure 4-5: The effect of filling volume on mixing time: 200 rpm shaking frequency, 50 mm 
shaking diameter, injected solution 2 M H2SO4, diameter of injected needle 0.15 mm, bulk 
solution distilled water. (◊) flask volume = 100 ml; (∆) flask volume = 250 ml; (○) flask volume 
= 500 ml. 
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4.4 Rheological properties of PVP ( Polyvinylpyrrolidone) solution 
 
PVP (polyvinylpyrrolidone) is selected as a viscous test solution. Its viscosity is dependent on 
the degree of polymerization. Figure 4-6 presents the correlation between viscosity and 
concentration from 10 g/l to 100 g/l. All experiments were done at 25°C, 1 atm, and PVP powder 
was solved in deionized water, the viscosity was measured at shear rate varied from 100 1/s to 
3000 1/s. 
 
Obviously, the viscosity increases when concentration increases. Interestingly, the PVP shows 
Newtonian properties until the concentration of 55 g/l (c.a. 38 mPa·s). In other words, the 
viscosity of PVP solution is independent of the shear rate. The viscosity is only a function of 
temperature and pressure. In the case of concentration 75 g/l and 100 g/l, the viscosity of PVP 
decreases with increasing shear rate, that is, pseudoplastic fluid. Therefore, the exact viscosity of 
the PVP solution more than 55 g/l has to be determined by a known shear rate.  
 
Moreover, the rheological behavior of PVP solution can be described by the Ostwald-de Waele 
power law (Eq. 2.9). The flow consistency index (K) and flow behavior index (m) can be solved 
by the method of minimum of least square. Figure 4-7 shows the relations among flow 
consistency index (K), flow behavior index (m), and concentration varied 10 g/l to 100 g/l. It is 
clearly presented that the flow behavior index will decrease from 0.98 to 0.87 with increasing of 
concentration. As mentioned previously (Table 2-1), the PVP solution becomes closer to the 
non-Newtonian behavior at high concentration.  
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Figure 4-6: Viscosity of PVP at different concentrations (25°C, 1 atm) 
 
Figure 4-7: Flow consistency index (K) (▲) and flow behavior index (m) (■) of PVP at different 
concentrations (25°C, 1 atm) 
0
20
40
60
80
100
120
140
160
180
200
0 500 1,000 1,500 2,000 2,500 3,000 3,500
Shear rate   [1/s]
Vi
sc
o
si
ty
   
[m
Pa
·s
]
PVP 100g/l
PVP 75g/l
PVP 55g/l
PVP 50g/l
PVP 40g/l
PVP 30g/l
PVP 20g/l
PVP 10g/l
0
50
100
150
200
250
300
350
400
0 10 20 30 40 50 60 70 80 90 100 110
Concentration of PVP   [g/l]
Fl
o
w
 
c
o
n
s
is
te
n
c
y 
in
de
x
, 
K
 
 
 
[P
a
·s
m
]
0
0.2
0.4
0.6
0.8
1
1.2
Fl
o
w
 
be
ha
v
io
r 
in
de
x
, 
m
 
 
 
[-]
Results and Discussion  
61 
4.5 Influence of the shaking frequency on the mixing time 
 
The shaking frequency is always an obvious and important operational parameter for mixing 
process. Changing the shaking frequency is common during biochemical processes. Figure 4-8 
depicts the mixing time as a function of shaking frequency, varied from 100 rpm to 350 rpm in 
three different nominal flask volumes and for two different test solutions. Obviously, the mixing 
time decreases in this log-log plot linearly with increasing shaking frequency. As the fluid in the 
flasks shows more intense vortices with increasing shaking frequency, the vortex behavior 
enhances mixing of the bulk phase and the injected phase. Therefore, the mixing time in our 
experiments decreases from 6 s to 0.5 s in water. Logically, the mixing in the viscous system 
(approx. 38 mPa·s), i.e., aqueous PVP 55 g/l aqueous solution, was obviously slower than in the 
deionized water.   
 
In general, larger volumes are more difficult to mix than smaller volumes. However, in Figure 
4-8 data from different flask sizes is compared having the same relative filling volumes. It has 
been shown before that at equivalent ratio of filling to nominal flask volume larger flasks 
experience higher specific power input (Büchs et al. 2000a), if the results are compared at the 
same shaking frequency. This is due to the larger distance the bulk liquid has to travel during one 
rotation in a flask of large diameter. Therefore, the relative velocity of the bulk liquid and the 
flask wall is larger; as a consequence, the specific power input is higher. This higher specific 
power input in larger flasks obviously compensates the fact that larger total volumes have to be 
mixed. 
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Figure 4-8: The effect of shaking frequency on mixing time. Shaking frequency 100-350 rpm, 
shaking diameter 25 mm. Injected solution 2 M H2SO4. Needle diameter 0.15 mm. Filling 
volume is 10 % of nominal flask volume. (♦)(◊) flask volume = 100 ml; (▲)(∆) flask volume = 
250 ml; (●)(○) flask volume = 500 ml; filled symbols: bulk solution deionized water, open 
symbols: bulk solution PVP 38 mPa·s. 
 
4.6 Effect of shaking diameter on the mixing time  
 
The shaking diameter is another parameter that could have influence the mixing process. In 
biological cultivation, 25 mm and 50 mm are commonly used as shaking diameter. In this case, 
the added concentration of acid is fixed at 2 M H2SO4 and the filling volume is fixed at 10% of 
volume of flasks. As Figure 4-9 shows, most data points are distributed along the center line with 
a deviation of ±30%. For the both test solutions, the mixing time was hardly affected by varying 
the shaking diameter from 25 mm to 50 mm. Therefore, the shaking diameter has no significant 
effect on the mixing time.  
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Figure 4-9: The effect of shaking diameter on mixing time. Shaking frequency 100-350 rpm, 
shaking diameter 25 mm and 50 mm, injected solution 2 M H2SO4, needle diameter 0.15 mm and 
0.85 mm. Filling volume is 10% of nominal flask volume. (♦)(◊) flask volume = 100 ml; (▲)(∆) 
flask volume = 250 ml; (●)(○) flask volume = 500 ml; filled symbols: bulk solution deionized 
water, open symbols: bulk solution PVP 38 mPa·s. 
 
 
4.7 Influence of power input on mixing number 
 
The mixing process in shake flasks is droved mechanically by the input of power by the shaking 
device. According to literatures, the mixing time is dependent on power input (Diaz et al. 1996; 
Kato et al. 1996; Kato et al. 2001; Kato et al. 2003; Kraume and Zehner 2001; Masiuk and 
Kawecka-Typek 2004). Figure 4-10 presents the correlation between the mixing number and 
measured power input from (Büchs et al. 2000a; Büchs et al. 2000b). The normal operation 
conditions in this work result in the power input from 0.08 to 4 kW/m3. Here is chear to find that 
the mixing number stays constant until a power input 0.8 kW/m3. However the mixing number 
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starts to decrease smoothly if the power input increases. It is logical and expectative that more 
power input improves the mixing process and shorten the mixing time in shake flasks. 
 
By Figure 4-10, it is possible to predict the minimal mixing time for a given power input. It has 
been known that the power input in shake flasks is a function of geometry of reactors, 
rheological properties of the fluids, and operation conditions (Büchs et al. 2000a; Büchs et al. 
2000b). This correlation combined with the mixing number can also provide the important 
information for designing and selecting the appropriate mixing equipment. In addition, the 
mixing time can be used as a comparative measurement of mixer efficiency at the same power 
input. In other words, it is desired to reach the expected mixing intensity at a minimal power 
input. 
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Figure 4-10: The effect of power input on mixing time. Shaking frequency 100-350 rpm, 
injected solution 2 M H2SO4, needle diameter 0.15 mm, filling volume is 10% of nominal flask 
volume, bulk solution deionized water. Filled symbols: shaking diameter 25 mm, open symbols: 
shaking diameter 50 mm; (♦)(◊) flask volume = 100 ml; (▲)(∆) flask volume = 250 ml; (●)(○) 
flask volume = 500 ml.  
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4.8 Relation between mixing number and Phase number 
 
Mixing of high viscous media is often a common operation in the chemical engineering. As 
mentioned in the introduction, the bulk of fluid rotating within the flask displays unwanted “out-
of-phase” behaviour phenomenon at certain operating conditions. In order to investigate the 
effects of “out-of-phase” on mixing time, an aqueous PVP 55 g/l solution having a viscosity of 
38 mPa·s used as continuous phase is operated under shaking diameter of 25 mm and 50 mm, 
respectively.  
 
Figure 4-11 also includes the results measured at different concentrations, i.e. 2 M H2SO4 and 10 
M H2SO4.  We can find that the mixing number stays almost constant in the region of high Phase 
number. Whereby, supposedly, the fluid will display the similar flow behavior at the “in-phase” 
condition. When the Phase number is approaching 1.26, the mixing number increases apparently. 
Besides, the mixing number increases dramatically within the “out-of-phase” condition, meaning 
below a Phase number of 1.26. From the observation of the mixing process, the viscous fluids 
hardly rotate. When the flask is rotating, but most of the bulk solution stays on the bottom of the 
flask. This indicates that the viscosity of the bulk solution has an outweighing influence on the 
distribution of the molecules. That is, the viscosity hinders the movement of fluid in flasks, so-
called poor mixing. Poor mixing often results in dissolved-oxygen limitation or substrate 
limitation, and reduces the utility of shake flasks in the cultivation of microorganisms or 
optimizing media. 
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Figure 4-11: The effect of Phase number on mixing number. Filling volume is 10% of nominal 
flask volume.; filled symbols: shaking diameter 25 mm, open symbols: shaking diameter 50 mm; 
(♦)(◊): flaks volume 100 ml, (▲)(∆): shake flask 250 ml, (●)(○): shake flask 500 ml; blue color: 
injected diameter of 0.15 mm, injected concentration of 2 M H2SO4, bulk solution deionized 
water; red color: injected diameter of 0.15 mm, injected concentration of 10 M H2SO4, bulk 
solution deionized water; brown color: injected diameter of 0.85 mm, injected concentration of 2 
M H2SO4, bulk solution deionized water; cyan color: injected diameter of 0.15 mm, injected 
concentration of 2 M H2SO4, bulk solution PVP 38 mPa·s; dark green color: injected diameter of 
0.15 mm, injected concentration of 10 M H2SO4, bulk solution PVP 38 mPa·s. 
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4.9 Influence of flow regimes on mixing number 
 
The flow behavior in the shake flasks can be described as laminar, transition, and turbulent flow, 
that all depend on the Reynolds number. The Reynolds number in shake flasks has been defined 
as Eq. 4.1 
   
                                                                                                                                             (Eq. 4.1) 
 
(Büchs et al. 2000a), where d is the largest inner diameter of the flasks. In the literature (Harnby 
and Edwards 1992), a dimensionless mixing number or homogenization number n·tm is often 
referred as a function of flow regimes. This dimensionless mixing number is indicated as the 
number of revolutions required to reach the given degree of homogeneity.  
 
Figure 4-12 represents the mixing number as a function of the Reynolds number. The deionized 
water and aqueous PVP solution having a viscosity of 38 mPa·s are used as bulk phase. The flow 
behaviors in water and in viscous PVP solution ranged from a Reynolds number of 104 to 105, 
and 102 to 103, respectively. It can be seen that the mixing number of shake flasks declines when 
the Reynolds number increases. According to Peter et al. (Peter et al. 2006a), fluids in unbaffled 
shake flasks reach the completely turbulent state at a Reynolds number of about  60,000. It is 
shown in Figure 4-12 that at higher Reynolds numbers the mixing number of the deionized water 
remain constant, at approximately 10. This fact also indicates that the mixing number does not 
depend on flask geometry close to the turbulent region. However, when the Reynolds number 
falls below 1000, for the PVP solution, the mixing number increases. This means that when the 
viscosity increases from 1 mPa·s to 38 mPa·s the fluid behavior changes from turbulent to 
transitional region. 
 
With respect to conventional large-scale reactors, the correlations between Reynolds number and 
mixing number of different stirrers, anchor paddle, rushton turbine, EKATO-Mig, have been 
cited in the literature (Zlokarnik 1988) (Figure 4-12). Astonishingly, the trend of mixing number 
on Reynolds number in stirred tanks is qualitatively and quantitatively very similar to that of 
shake flasks. In both cases, a nearly constant mixing number is found for the turbulent regime, 
and the mixing number increases when Reynolds number is decreased to the transitional regime. 
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Figure 4-12: The effect of Reynolds number (Re) on mixing number (n·tm). Filling volume is 10 
% of nominal flask volume.; filled symbols: shaking diameter 25 mm, open symbols: shaking 
diameter 50 mm; (♦)(◊): flaks volume 100 ml, (▲)(∆): shake flask 250 ml, (●)(○): shake flask 
500 ml; blue color: injected diameter of 0.15 mm, injected concentration of 2 M H2SO4, bulk 
solution deionized water; red color: injected diameter of 0.15 mm, injected concentration of 10 
M H2SO4, bulk solution deionized water; brown color: injected diameter of 0.85 mm, injected 
concentration of 2 M H2SO4, bulk solution deionized water; cyan color: injected diameter of 0.15 
mm, injected concentration of 2 M H2SO4, bulk solution PVP 38 mPa·s; dark green color: 
injected diameter of 0.15 mm, injected concentration of 10 M H2SO4, bulk solution PVP 38 
mPa·s. For comparison lines derived for typical stirrers are also depicted; (A) Anchor paddle; (B) 
Rushton turbine; (C) EKATO-Mig (Zlokarnik 1988). 
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4.10 Comparison of mixing time between this study and literature 
 
Table 4-1 has shown those results of mixing time in shaking reactors until now. If the results in 
this study are compared with those from Rhodes et al. (1957), our results generally present a 
shorter mixing time in water in a same 500 ml flask (Table 4-1). The shortest time can reach 
until to 100 times different (0.06 s to 6 s). For the viscous mixing, it is different to compare these 
results quantitatively due to different viscous solutions. However, our mixing time in the viscous 
system is roughly shorter than those from literature. In most of researches, the shaken reactors 
were operated at the shaking frequency slower than 300 rpm, however, the mixing time in our 
case could be measured successfully until 350 rpm. Generally, the oxygen limitation in shaken 
reactors can be avoided by increasing the shaking frequency. Therefore it is necessary to 
understand the mixing process above the 300 rpm. In the same way, the oxygen transfer rate can 
be improved by increasing shaking diameter. This influence parameter was commonly neglected 
and was not mentioned by most of literature. In our study, the mixing time can also be precisely 
determined by two common shaking diameters, 25 mm and 50 mm. 
 
Some fermentation processes are operated by increasing of viscosity, either by increase the 
biomass or by the media during the time. For the viscous mixing, until now only Kato et al. 
(1996) determined the mixing time in the glycerin solution with viscosity 100 mPa·s in a vertical 
cylindrical vessel. The mixing time was obviously long (approx. 2500 s). However, in our case, 
the mixing time take approx. 63 sec in a solution with viscosity 38 mPa·s. It is not practical to 
measure the mixing time in a very high viscous solution, this is because the fluid presents the 
unwanted “out of phase” in shake flasks (Figure 2-2B). As aforementioned, the most part of 
fluid remains at the bottom of the flask. The mass transfer among molecules of fluid is so weak. 
The mixing in viscous takes longer resulting in large deviation and measurement error. 
 
In addition, interestingly, there are always different shake reactors which are used for the 
cultivation of microorganisms or biotechnological applications. Different geometries and 
materials could affect the movement of fluid and necessary power input; therefore this could be 
also a reason that the results of measured mixing time from different literature have certain 
deviation. 
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A successful scale-up is to predict and estimate the performance of a process and to reduce the 
risk from one scale to another. The mixing scale-up plays an important role on yield of 
production and cost of manufacturing. In biotechnical industries, the working volumes are often 
at the scale of more than 100 m3. Therefore, it is interesting to compare mixing times of typical 
stirred tanks of two different scales with the mixing time in shake flasks at comparable operation 
conditions, such as at equal specific power input. Conditions have been chosen from the 
literature and from own measured data, which results in a specific power input of roughly 2 
kW/m3. Table 4-2 presents the comparison of mixing time and power input among different 
scales of reactors. Betts et al. (2006) measured the mixing time (10 s) in a 7 L fermentor under 
power input (2 kW/m3) for these conditions. Himmelsbach et al. (2006) measured the mixing 
time (44 s) in a 200 m3 industrial fermentor at a power input (1.91 kW/m3). In this study, the 
mixing time in shake flask has been successfully measured at the scale from 100 ml to 500 ml. 
The experimental mixing time takes 0.85 s in a 500 ml nominal shake flask at the same power 
input (2 kW/m3) (Büchs et al. 2000a). Obviously, the mixing time in shake flasks fits nicely in 
the trend known from stirred tanks. The smaller the scale, the shorter the mixing time. The 
mixing time under the investigated conditions takes maximal 2 s in water and maximal 65 s in 
the PVP solution with a viscosity 38 mPa·s. Until now there is no known publication about the 
criteria about mixing time in scale-up. These results could provide the appropriate strategy for 
scale up from shake flasks to conventional fermentors, even the conventional fermentors are not 
geometric similar to shake flasks. Furthermore, as aforementioned, the microorganisms change 
the composition of their metabolic intermediates on the time scales down to a second. The 
mixing in shake flasks can demonstrate that the shake flask is able to describe and predict the 
microbial process in conventional fermentors. Therefore, the mixing time, which is related to the 
power input, can provide useful and valuable information for designing the impellers and the 
reactors at the large scale. 
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Table 4-1: Comparison of mixing time between this study and literature 
 
 
Researcher Rhodes et al. (1957) Gardner et al. (1992) Kato et al. (1996) Gerson et al. (2001) Tan et al. (2010) 
Reactor Smooth flask Table container Vertical cylindrical vessel 
Flask 
(New Brunswic) 
Unbaffled nominal 
flask 
Test solution Water 
Tap water (1 mPa·s) 
Corn syrup (5 mPa·s ) 
Tap water  
(0.9 mPa·s) 
Glycerin solution  
(100 mPa·s) 
Deionized water 
1% Dextran  
(Viscosity is not 
mentioned) 
Deionized water  
(1 mPa·s) 
PVP solution 
(38  mPa·s) 
Measuring method Decolorization Colorimetric method Electric conductivity Mixmeter Decolorization  method 
Rotating camera 
Reactor volume  500 ml 
100 ml  
(Diameter 46 mm) 
Diameter 8.5 - 20.6 cm 1 liter 
  
100 - 500 ml 
Filling volume (ml) 50 ml 25 - 75 ml 402 - 4066 ml 540 ml 10 - 50 ml 
Shaking diameter 
(mm) 
0.75 inch (ca. 19 mm) 19 mm 10 - 40 mm Not mentioned 25 mm and 50 mm 
Shaking frequency 
(rpm) 
90 - 268 rpm Not mentioned 102 - 198 rpm 0 - 250 rpm 100 - 350 rpm 
Mixing time  6 s - 10 s 
300 s - 1800 s 
7860 s - 19980 s 
Max. 2500 s 
Mixing single: 
0.01 - 0.1 
0.06 s - 2 s 
16 s - 63 s 
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Table 4-2: Comparison of mixing time and power input among different scales of bioreactors  
 
 
 
 
 
 
 
 
 
 
Reactor 500 mL Shake flask 7 L Fermenter (Betts et al. 2006) 200 m
3
 Fermenter 
(Himmelsbach et al. 2006) 
Power input (P/V) [kW/m3] 1.8 2 1.91 
Shaking frequency (n) [rpm] 300 800 379.8 
Filling volume [L] 0.05 5.5 Not mentioned 
Number of propellers none 3 5 
Mixing time (tm) [s] 0.85 10 44 
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5. Conclusion and Outlook 
 
 
 
 
This research and presented work have shown that the motion of fluidic movement in shake 
flasks could be successfully observed and determined. The movement of fluid showed sickle 
form due to the centrifugal force. The surface of sickle provides the location for oxygen 
transfer between the liquid phase and gas phase. Moreover, the bulk of solution showed two 
different conditions, in-phase and out-of-phase at different operation conditions, described by 
the definition of phase number.  
 
Experimentally, the macro mixing time in shake flasks have been successfully and 
quantitatively determined by using a rotation camera in combination with colorimetric method 
using an excess of acid. However, the colorimetric method applied in this current study is 
different than typical colorimetric methods in conventional stirred reactors. In our study, the 
course of pH is not continuously measured in each experiment due to the continuously 
rotating shake flasks. In this research, the mixing time was defined as the time between the 
addition of an acid drop and the disappearance of the last trace of blue color. 
 
To evaluate the micro mixing time until a predefined relative deviation is reached a different 
method would have to be applied. In this case a precisely calculated concentration of acid 
would have to be added. This concentration is dependent on the added amount of acid. 
However, this amount, represented as the drop volume released from the central needle, 
changes with operation condition (shaking frequency and diameter). Therefore, different 
predefined concentrations of acid would have to be applied at each operation condition. 
 
Different operational parameters were varied in this work to investigate the effects on macro 
mixing time and mixing number. The results inferred the following conclusions: 
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Furthermore, different operational parameters were varied to investigate the effects on mixing 
time and mixing number. The results inferred the following conclusions: 
 
1.  Our measuring technique focused on that location of the bioreactor (shake flask) which 
showed the slowest response to the injected disperse phase (acid in this case). The 
technique represented the speed of convective mixing of the bulk and was, however, 
insensitive to the final level of equilibrium concentration of the injected compound (pH 
value in this case). Therefore, the results presented the level of macromixing.  
 
2.  If the measuring technique, described in this paper, was applied, the disperse phase (drop 
of acid) was impacted at the rear part of the rotating bulk liquid. This represented the 
practical situation of shaken bioreactors operated in fed-batch or continuous mode. The 
mixing process in shake flasks, therefore, took place from the rear to the front part of the 
rotating bulk liquid. The macro mixing time was in a wide range independent of the ratio 
of added acid to the bulk volume and different concentrations of injected acid, as always 
an excess of acid was used. 
 
3.  The mixing time in deionized water, as well as in PVP solution was inversely proportional 
to the shaking frequency. 
 
4.  Shaking diameter of 25 mm and 50 mm had no significant influence on the mixing time in    
both water and PVP test solution. The results mainly fell within a standard deviation of 
±30%.  
 
5.   The mixing number remained constant until 0.8 kW/m3 of power input, and then decreases 
smoothly when the power input increases. 
 
6. If the fluid was transferred from laminar to turbulent condition, the mixing time was 
shortened. At high Reynolds number, the dimensionless mixing time remained constant. 
That is, the mixing time was independent of the Reynolds number at these conditions. 
This was also proved in conventional stirred tanks. 
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7. The mixing decreased sharply, when the fluid behaved in out-of-phase. This inferred that 
out-of-phase was unwanted in the shaking process, because it could prolong the mixing 
time and reduce the mass transfer rate.  
 
8. Mixing time of shake flasks compared at constant specific power input with stirred tanks 
fit well into known trend that mixing time decreased with the scale of the reactors. 
 
 
Mixing always plays an important role in chemical engineering processes and other applied 
industries. Engineers have to design the reactors according to different operational parameters 
of reactions and desired products. In this study, the characterization of macromixing time in 
shake flasks has been established. However the mixing process in shaking reactors was 
involved by many influencing factors, for example, the liquid distribution, the movement of 
liquid molecular, mass transfer, the mechanism of micromixing, etc. In order to understand 
these conditions more deeply, the modeling for establishing the mixing mechanism and flow 
pattern is necessary and helpful. CFD (Computational Fluid Dynamics) is powerful software 
that can be applied by numerical method and algorithms to simulate different mixing 
application. CFD can also provide more information optimizing performance and designing 
new equipments. Therefore further work to modeling and simulation for movement of fluid in 
shake flasks is required.  
 
In addition, mixing time is strongly dependent on the applied techniques. For this study, the 
camera plays a very important role on the accuracy of visual observation. A “high speed 
camera” might be able to reduce the time interval of each frame to enhance the accuracy of 
the optimal mixing time. It will be interesting to develop other techniques to measure the 
mixing time in shake flasks, and to compare the results from colorimetric method. 
 
Finally, shake flasks are also used for the cultivation and fermentation of microorganism at 
laboratory scale. Investigating the relation among the mixing, growth of microorganism and 
production of microorganism would be also beneficial for designing bioreactors and 
enhancing product yields in industry. 
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A.1 Indicator: Bromothymol blue  
 
 
 
 
IUPAC name 
4,4'-(1,1-dioxido-3H-2,1-benzoxathiole-3,3-
diyl)bis(2-bromo-6-isopropyl-3-
methylphenol) 
Molecular formula C27H28Br2O5S 
Molar mass 624.38 g/mol 
Density 1.25 g/cm3 
Melting point 202°C, 475K, 396°F 
pKa 7.1 
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A.2 Polyvinylpyrrolidone polymer (PVP) 
 
 
 
IUPAC name 
Polyvinylpyrrolidone 
Poly-[1-(2-oxo-1-pyrrolidinyl)-ethylene] 
Molecular formula (C6H9NO)n 
Molar mass 2.500 - 2.5000.000 g/mol 
Density 1.2 g/cm³ 
Melting point 110 - 180°C (glass temperature) 
pH 5.0-9.0 (K90) 
Solubility Soluble in water, in ethanol and in chloroform 
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Appendix B 
 
Construction of devices 
B.1 The dimension of shake flasks 
B.2 The construction of dosing devices 
B.3 The construction of rotating camera 
(All units of dimensional measurement were described in mm) 
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B.1 The dimension of shake flasks 
 
 
 
Figure B1: 100 ml nominal shake flask               Figure B2: 250 ml nominal shake flask                       Figure B3: 500 ml nominal shake flask 
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B.2 The construction of dosing device 
 
 
 
 
 
 
Figure B4: The dimension of components of dosing devices 
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B.3 The whole experimental set-up of the rotating camera 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B5: Overview of rotating camera 
Figure B6 
Figure B7 
Figure B8 
Figure B10 
Figure B11 
Figure B12 
Figure B13 
Figure B14 
Figure B15 
Figure B16 
Figure B2 
Figure B9 
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Figure B6: Wireless rotating camera 
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Figure B7: Gear box 
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Figure B8: Rotating plate 
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Figure B9: Protecting transparent cylinder 
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Figure B10: Background 
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Figure B11: Cap of circular light bulb 
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Figure B12: Motor 
 
 
 
Appendix B  
99 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B13: Driving axle 
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Figure B14: Protection wall 
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Figure B15: Table 
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Figure B16: Standing element 
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Appendix C 
 
The source code of software of picture analysis 
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Figure C1: Initialization of the variables and the dialog window for the selection of the video data region 
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Figure C2: The video is read by the software and is divided as the series of frames. The RGB values of each frame are analysed.  
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Figure C3: The value of the blue color in each frame is filtered by the Median-Filter. The beginning point (when the acid drop leaves the needle) 
and the end point when (the last trace of blue color disappears) can be indicated by the software. 
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Figure C4: The value of the green color in each frame is filtered by the Median-Filter. The beginning point (when the acid drop leaves the needle) 
and the end point when (the last trace of green color disappears) can be indicated by the software. 
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Figure C5: The each frame can be scrolled to show the intended frame. 
 
Appendix C  
109 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure C6: After the analysis of the previous video data, the next video data can be loaded and analysed continuously. 
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Figure C7: The distribution of colors that are analysed are demonstrated in the form of a histogram. 
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